 Two methods of rs-fMRI, regional homogeneity (ReHo), and seed based functional connectivity (seed based FC), were used to explore the resting state brain function of patients with asymptomatic vulnerable carotid plaque but mild stenosis (VCP) comprehensively.
Introduction
Carotid atherosclerotic plaque is one of the most important causes of the incidence and recurrence of cerebral infarction [1] [2] [3] . Approximately 20% of ischemic strokes originate from vulnerable carotid plaques [3] . Some plasma inflammatory factors involve in intraplaque haemorrhage, lipid-rich necrotic core and fibrous cap, plaque inflammation and intraplaque neovascularization, and irregular plaque surface or ulcerations and can be evaluated by gray-scale median (GSM) [4] [5] [6] [7] [8] . Carotid plaque, especially for vulnerable plaque, is an important stage for early intervention of stroke associated with thrombosis and/or artery-to-artery embolism [8] .
Functional magnetic resonance imaging (fMRI), based on blood oxygen level dependent (BOLD) signals, is a non-invasive and convenient method to assess the pattern and extent of brain regional spontaneous and remote activity [9] . Regional homogeneity (ReHo) and functional connectivity (FC) are two basic approaches of fMRI. Haley et al. showed that activation of BOLD signal intensity induced by verbal working memory test in the right middle frontal gyrus was negatively correlated with IMT of carotid artery in a cohort of patients with cardiovascular disease [10] . Cheng et al. demonstrated functional disconnection between the default mode network (DMN) J o u r n a l P r e -p r o o f and the frontoparietal network (FPN) in patients with severe carotid stenosis [11] .
However, most of these studies focused on the effects of moderate to severe stenosis of carotid artery on brain networks and cognitive dysfunctions. It remains unclear whether there is a change of neuronal activity in patients with asymptomatic vulnerable carotid plaque but mild stenosis (VCP).
Carotid artery stenosis and carotid plaque, two different manifestations of carotid atherosclerosis, are high-risk factors for ischemic stroke. There is evidence that peripheral inflammation associated with atherosclerotic plaques is related to aberrant resting functional connectivity in frontal and parietal regions of the brain and the DMN [12; 13] . In the present study, using resting state functional magnetic resonance imaging (rs-fMRI) and arterial spin labeling (ASL), we investigated the functional imaging characteristics (regional brain activity, FC, and CBF), the vulnerability parameters (IMT and GSM), and peripheral inflammatory biomarkers, and their relationships in patients with VCP and those with stroke risk factors but no carotid plaque (NCP). We hypothesize that abnormal rs-fMRI characteristics in patients with VCP was due to cerebral micro infarctions but not decreased CBF.
Materials and Methods

Study subjects
All subjects were recruited from the National Stroke Screening and Intervention Project. From December 2015 to December 2017, 2,275 subjects were surveyed to collect their gender, age, educational level, smoking, past medical and medication history. Blood samples were also collected. Neurological history and examination, neuropsychological tests (mini-mental state examination (MMSE), Hamilton depression scale (HAMD), and Hamilton anxiety scale (HAMA)) were evaluated by neurologists. All subjects came from the Wujialing community, Changsha city, Hunan province, 1,251 of which were at high-risk of stroke (participants over 40 years old who existed ≥3 of traditional vascular risk factors were defined as high-risk of stroke) and completed carotid ultrasound examination. According to the inclusion and exclusion criteria as defined in the following, a total of 71 subjects underwent brain multimodal J o u r n a l P r e -p r o o f MRI scanning including T1-weighted image (T1WI), T2-weighted image (T2WI), fluid attenuation inversion recovery image (FLAIR), magnetic resonance angiography (MRA), BOLD, and ASL. Routine MRI sequences (T1WI, T2WI, and FLAIR) were obtained to exclude organic brain diseases and white matter degeneration. To minimize the effect of CBF changes due to carotid plaque on brain FC, whole brain CBF was assessed with ASL and intracranial artery stenosis ≥ 50% was excluded by MRA. As a result, 9 subjects were excluded without MRI data due to head motion. Together, 31 patients with VCP and 31 patients with NCP were included in the present study. All procedures were approved by the ethics committee of Xiangya Hospital, Central South University. A written informed consent was obtained from each participant.
We screened for asymptomatic patients with vulnerable plaques in common carotid artery or internal carotid artery by color Doppler ultrasound. According to the echo strength, plaque showed hyperechoic was defined as a stable plaque, while plaque showed isoechoic and/or hypoechoic, heterogeneous echoes, or discontinuously fibrous cap were defined as vulnerable plaque [7; 8; 14] . VCP patients also met the following inclusion and exclusion criteria: (6) no organic or mental illness; (7) no drug dependence; (8) no neurodegenerative diseases, arteritis, aneurysms, arteriovenous malformations, atrial fibrillation, or severe heart disease (such as cardiac dysfunction, rheumatic heart disease); (9) educational level > 6 years.
Blood analyses
All subjects underwent routine laboratory tests including blood routine test, blood glucose, serum total cholesterol, serum triglycerides, serum high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol. Serum IL-6 level was measured by enzyme-linked immunosorbent assay (Cusabio Biotech, Wuhan, China). Serum hs-CRP was assessed by particle-enhanced immunoturbidimetry using Dade Behring BNII nephlometer.
Carotid ultrasound data acquisition and GSM analysis
J o u r n a l P r e -p r o o f
Examinations of carotid plaques were carried out with an ultrasound scanner (5-MHz Sector Array transducer; iU22, Philips Ultrasound, Bothell, WA) in the right and left common carotid arteries (CCAs) and carotid bifurcations by the same vascular ultrasound doctor. The calculation of mean IMT followed standard procedures conducted in the ARIC study [15] . Carotid plaques were defined as focal wall thickening ≥1.5mm protruding into the arterial lumen [8; 16] . The vulnerability of each plaque was evaluated by GSM. The calculation of GSM followed standard procedures of Hiroyuki's study [17] . In patients with multiple plaques, the lowest GSM value represented the patient's GSM value of the plaques.
Imaging acquisition and preprocessing
Brain MRI was performed using GE SIGNA HDX 3.0T MRI. During the scan, all subjects maintained a supine position with head fixed and eyes closed. Scanner parameters of high-resolution T1-weighted images were consistent with Tuo's study [18] .
Resting-state perfusion imaging was performed using a pseudo-continuous ASL (pcASL) sequence with 3D fast spin-echo acquisition and background suppression mm; 30 axial slices; number of excitation = 3). CBF data were processed following Wang's study by using ASLtbx [19] . Both ASL and Bold images were smoothed with 4 mm FWHM Gaussian kernel. [20] . The BOLD images were preprocessed following Yan's study [20] . Subjects with head motion greater than 2.5 mm or 2.5° were excluded, and the regression of nuisance variables include white matter 
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ReHo calculation
Unsmoothed preprocessed data was used for ReHo [21] calculation using Kendall's coefficient of concordance (KCC), which was used to measure the synchronicity of the time series of a given voxel with its 26 nearest neighbors in a voxel-wise manner. The generated regional homogeneity images were subsequently smoothed with a 4-mm fullwidth-half-maximum (FWHM) Gaussian kernel.
Statistical analysis
Since there was only two groups, normally distributed variables were assessed using Pearson correlation analysis (both of the two variables were normally distributed, correlation coefficient was expressed as r) and Spearman correlation analysis (either of the two variables was not normally distributed, correlation coefficient was expressed as rs) were conducted between two variables with significant difference level of P<0.05.
All statistical analyses were conducted using SPSS 22.0 (SPSS Inc., Chicago, IL, USA).
CBF analysis
Two-sample t test was performed using SPM 8 after controlling for the effect of gender, age and educational level. The time courses of the mean CBF images were also extracted by the Resting-State fMRI data analysis toolkit plus V1.2 (RESTplus, http://restfmri.net/forum/RESTplusV1.2) for further analysis.
ReHo analysis
To assess the difference in spontaneous brain activity and regional homogeneity between VCP group and NCP group, ANCOVA analysis was performed in a voxelwised manner in RESTplus after controlling for the effect of sex, age, educational level and mean CBF value.
The statistical maps were corrected for multiple comparisons to a significant difference level of P<0.05 using RESTplus AlphaSim program with 1000 iterations J o u r n a l P r e -p r o o f combining height threshold of P<0.005 with minimum cluster size >25 voxels for ReHo (http://afni.nih.gov/afni/docpdf/AlphaSim.pdf).
Seed-based resting-state functional connectivity analysis
After the ReHo analysis, altered regions, i.e., left middle occipital gyrus was selected as the seed to further investigate the differences with respect to FC between the VCP and NCP groups. Seed was defined as a sphere with the peak MNI coordination of left MOG and a radius of 6 mm (i.e., MOG: -15, -102, 0, 6 mm). A mean time series for the seed was computed separately as a reference time course, then Pearson correlation was applied to quantify the relationship between the seed and the rest of the brain regions.
As a result, a correlation map was produced for the seed. The resulting R values were normalized into Z values using Fisher's R-to-Z transformation [22] . ANCOVA analysis was used to identify existence of abnormal seed-based FC in patients with VCP as compared to that in the NCP group. Significance threshold was set at P_corrected < 0.05 (combining height threshold of P<0.005 with a minimum cluster size >28 voxels for seed-based FC) using the RESTplus AlphaSim corrected program mentioned above.
Results
Demographic characteristics and vascular risk factors
A total of 62 patients (27 men, mean age of 60.03 ± 7.21 years) were enrolled in the study. There were 31 patients (14 men, mean age of 61.26 ± 7.76 years) in the VCP group and 31 patients (13 men, mean age of 58.81 ± 6.50 years) in the NCP group. The demographic and clinical characteristics were listed in Table 1 . No significant differences were found between the VCP group and NCP group with respect to demographics, clinical characteristics and psychological scores (P>0.05). As compared with the NCP group, mean IMT was significantly increased in the VCP group (t=3.545, P=0.001); IL-6 (t=2.682, P=0.009) and hs-CRP (t=2.926, P=0.006) were also significantly increased in the VCP group. The levels of IL-6, hs-CRP and white cell count were not normally distributed. Therefore, log10 transformation was conducted before analysis. Log10_IL-6 and log10_hs-CRP were normally distributed, but not log10_white cell count. The mean IMT was positively correlated with monocyte count in the total population (rs=0.434, P =0.015). Statistically, however, the mean IMT was J o u r n a l P r e -p r o o f not correlated with blood lipid level, smoking, log10_IL-6, log10_hs-CRP, white cell count, neutrophil count, or monocyte count in both VCP and NCP groups (data not showed).
CBF
There was no significant difference in CBF between the two groups (41.90±10.64 for VCP group vs. 40.88±9.54 for NCP group, P=0.691, Table 1 ). The mean CBF was not statistically correlated with the mean IMT in all patients (rs=-0.224, P=0.079) as well as in VCP (rs=-0.310, P=0.069) and NCP (rs=-0.112, P=0.547) (Fig.not showed) .
ReHo
As compared with the NCP group, decreased ReHo was found mainly in the left MOG in VCP group (cluster size=52, t=-4.64, P<0.05) ( Fig.1 and Table 2 ). Correlation analysis showed that ReHo value of the left MOG was negatively correlated with mean IMT (rs=-0.406 P=0.023, Fig. 2a ) in VCP group. The result of univariate analysis shows there was no significant correlation between the time course of aberrant ReHo in the left MOG and BMI, systotic pressure, diastolic pressure, fasting blood glucose, blood lipid, log10_IL-6, log10_hs-CRP, white cell count, neutrophil count, monocyte count, or GSM (data not shown).
Seed-based FC
With the seed placed in left MOG, FC in the right MOG, the left inferior opercularis frontal gyrus (IOFG), the left angular gyrus (AG), and the right middle frontal gyrus (MFG) were significantly decreased in VCP group (Table 3 ). Correlation analysis showed that mean IMT was negatively correlated with FC value between left MOG and right MOG (rs=-0.374, P=0.038, Fig. 2b) in the VCP group. The result of univariate analysis shows there was no significant correlation between aberrant FC and the same parameters in the ReHo analysis (data not shown).
Discussion
Vulnerable carotid plaque is an important stage for early intervention of stroke. in our study, brain rs-MRI showed that regional brain activity and FC were abnormal in VCP group although no differences of structural MRI and CBF between the two groups.
Carotid IMT and serum levels of IL-6 and hs-CRP in the VCP group were J o u r n a l P r e -p r o o f significantly higher than that in the NCP group. However, there were no significant differences in other blood biochemical and inflammatory parameters between the two groups. These findings suggested that vascular risk factors were not the absolute factors affecting the formation of carotid plaques [23] , while carotid IMT and some inflammatory biomarkers including serum IL-6 and hs-CRP may involve in the vulnerability of the plaques, which played a crucial role in the disruption of regional neuron activity and FC of brain.
A number of studies have previously used fMRI to analyze the relationship between carotid IMT or carotid atherosclerotic stenosis and brain functional activity. Haley et al analyzed carotid IMT and neuronal activity in patients with coronary heart disease in a working memory task and revealed that IMT of carotid was significantly associated with BOLD signal intensity in the right frontal gyrus [10] . Using rs-fMRI, Cheng et al demonstrated that interhemispheric and intrahemispheric FC were significantly decreased in patients with severe carotid stenosis, especially for the FC between the left and right frontoparietal network and default mode network [11] . There is evidence that cognitive dysfunctions were associated with decreased regional CBF in patients with severe unilateral stenosis (≥70%) of the internal carotid artery [24] . Data from PET analysis showed negative relationship between carotid IMT and regional CBF [25] .
Accordingly, in patients with cognitive function impairments associated with atherosclerotic carotid stenosis, abnormalities of fMRI/rs-fMRI have generally been considered to be the results of cerebral hypoperfusion.
In the present study, using ASL technique to evaluate mean CBF of the whole brain, we found that decreased regional brain activity and disruption of FC were associated with carotid IMT and serum levels of IL-6 and hs-CRP in patients with VCP but normal cognitive functions and CBF (Table 1 ).
These findings suggested that abnormal rs-MRI in our patients was not likely to the result of cerebral hypoperfusion. Further analysis revealed that decreased ReHo was mainly found in the left MOG and decreased FC mainly between left MOG and right MOG as well as between left MOG and left IOFG, left AG, and right MFG in the VCP group (Table 2 and 3, Fig.1 ), suggesting multiple brain dysfunction from spatially J o u r n a l P r e -p r o o f regional to remote brain activity synchronization impairment.
Vulnerable carotid plaque easily ruptures and causes artery-to-artery embolic infarction due to shedding of vulnerable plaque debris or plaque surface thrombus.
However, the association between vulnerable carotid plaque and cerebral microinfarct remains unknown although microemboli and hypoperfusion are two main causes of cerebral microinfarct, which is defined as an area of tissue infarction, common with gliosis and/or cavitation, visible only by examination of the autopsied brain at microscopic level [26; 27] . Cerebral microinfarcts are observed post-mortem in the brain of approximately 24% of non-dementia elderly subjects and they can number in the hundreds to thousands within a single brain [28; 29] . Our findings suggested that abnormal rs-MRI in patients with VCP was highly likely to the results of cerebral microinfarctions caused by microemboli from vulnerable carotid plaques.
Plaque inflammation and carotid plaque thickness and volume have been shown as important characteristics in vulnerable plaque and associated with the occurrence of stroke [8; 30] . There is evidence that both IL-6 and hs-CRP have been shown to be associated with the vulnerability of carotid plaques [31; 32] , and regional brain activity and FC [12] . Indeed, we found that IMT and serum levels of IL-6 and hs-CRP were significantly higher in the VCP group (Table 1 ), suggesting their involvement in the vulnerability of carotid plaques. However, only IMT was statistically associated with regional brain activity and FC (Fig. 2) , while peripheral IL-6 and hs-CRP as well as other inflammatory biomarkers were not. One reason for this is likely to the fact that the NCP group did not have detectable carotid plaque but had similar spectrum of stroke risk factors (Table 1) , which were associated with higher peripheral inflammatory biomarkers. Although IL-6 and hs-CRP were statistically different between the two groups in our study, abnormal regional brain activity and decreased FC within the FPN in VCP group may be related to other inflammatory factors.
There were several limitations in our study: (1) there was no stable plaque group to compare with; (2) the sample size is small and we did not combine MRI/CT to characterize the vulnerable carotid plaque; (3) cerebral microinfarcts were not detected by diffusion-weighted imaging, high-resolution structural MRI, or neuropathological J o u r n a l P r e -p r o o f examination. All of these should been considered in our next intensive study to further analyze the imaging features of carotid plaques and the regional activities of the occipital gyrus and its underlying mechanisms associated with FC between the frontal parietal network.
Conclusions
Taken together, regional brain activity and FC were abnormal in patients with asymptomatic vulnerable carotid plaque but mild stenosis, suggesting that it was highly likely to the result of cerebral microinfarctions caused by microemboli from vulnerable carotid plaques rather than cerebral hypoperfusion due to carotid stenosis. Rs-fMRI may serve as an early imaging marker for vascular-related brain dysfunctions and thus for early intervention of both atherosclerotic cerebral infarction and vascular cognitive impairments. Results were corrected by AlphaSim (the clusters survived P <0.05, combining height threshold of P <0.005 with a minimum cluster size >25 voxels for ReHo). Color bar indicates the t score. NCP, stroke risk factors with no carotid plaque; VCP, asymptomatic vulnerable carotid plaque with mild stenosis; ReHo, regional homogeneity. 
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